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A.  Technical  Summary 

This  report  summarizes  a  one-year  project,  the  purpose  of  which  is  to  design  an 
all-optical  switch  that  uses  CdSSe-doped  fibe  as  the  switching  medium.  The  “Statement  of 
Work”  for  the  project  is  to: 

1)  Measure  and  provide  experimental  data  for  the  amount  of  wavelength  shift 
that  can  be  realized  in  a  1550  nm  probe  signal  using  a  1313  nm  pump  signal  in 
a  CdSSe-doped  Kerr  fiber. 

2)  Implement  a  prototype  optical  switch  whose  operation  is  based  on  the  phenomena  of 
pump  induced  wavelength  shift  and  to  demonstrate  the  operation  of  the  device  at 
diode  power  levels. 

3)  Characterize  the  performance  of  the  switch  in  terms  of  contrast  ratio,  switching 
power  as  a  function  of  device  length  and  optimum  switching  speed,  and  determine 
the  Bit-Error-Rate  performance  of  the  switch. 

Three  main  experiments  were  performed.  The  first  experiment  was  designed  to  measure  the 
pump  (1319  nm)  induced  wavelength  shift  of  a  1550  nm  probe  signal  in  a  100  cm  of  CdSSe-doped  fiber. 
This  initial  experiment  was  designed  to  provide  data  and  information  that  would  form  the  basis  for  the 
design  and  implementation  of  an  all-optical  switch.  The  second  experiment  was  the  design  and 
characterization  of  an  all-optical  switch.  The  operation  of  the  switch  was  based  upon  pump-induced 
wavelength  shift  of  a  probe.  The  presumption  was  that  such  a  switch  could  be  designed  to  be  more  stable 
and  have  higher  contrast  ratio  than  interferometric,  i.e.  Mach-Zehnder  switches,  or  loop-mirror  all-optical 
switches. 

In  the  process  of  conducting  this  work,  we  incidentally  discovered  a  design  configuration  for  a 
three-terminal  optical  gate  with  transfer  characteristics  similar  to  the  current-voltage  characteristics  of  an 
electronic  transistor.  The  third  experiment  describes  the  design  and  measurement  of  the  transfer 
characteristics  of  the  optical  gate. 
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The  CdSSe-doped  glass  fiber  was  commercially  produced  by  Collimated  Holes 
Inc.  The  linear  and  nonlinear  properties  of  the  fiber  had  previously  been  characterized. 

The  linear  characteristics  included  measurement  of  the  transmittance  and  absorption 
coefficient.  The  transmittance  was  measured  for  wavelength  ranging  between  300  nm  and 
1800  nm,  and  the  absorption  coefficient  of  the  fiber  was  measured  and  found  to  be  0.14 
dB/cm.  The  nonlinear  refractive  index  of  the  fiber  was  also  measured  and  found  to  be  1 .8 
X  10  W/cm^  at  13 19  nm.  This  value  of  the  nonlinear  refractive  index  was  about  400 
times  higher  than  ordinary  class. 

We  have  presented  portions  of  our  work  at  technical  conferences  and  published 
pertinent  results  in  two  conference  proceedings. 
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B.  Measurement  of  Induced  wavelength  Shift  In  CdSSe-Doped  fiber. 


The  first  experiment  we  performed  was  designed  to  measure  the  induced 
wavelength  shift  of  a  1550  nm  probe  by  a  1319  nm  pump.  A  CdSSe-doped  fiber  served  as 
a  Kerr  nonlinear  medium  for  the  pump-probe  interaction.  Results  of  this  experiment  was 
valuable  in  determining  the  criteria  needed  to  design  and  implement  the  optical  switch. 
The  experimental  set  up  is  as  shown  in  figure  1 . 


detector 


pump 


Fig.l  Setup  for  measurement  of  1319  nm  pump-induced  wavelength  shift  of  a  1550  nm 
probe. 

The  pump  was  a  Quantronix  ND;YLF  pulsed  laser  with  emission  wavelength  of  13 19  nm. 
The  output  pulses  of  the  laser  varied  between  70  to  90  ps,  with  a  pulse  repetition  rate  of 
100  Mhz.  A  variable  attenuator  was  used  to  control  the  amount  of  pump  power  coupled 
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into  the  fiber.  An  isolator  was  also  introduced  in  the  path  of  the  pump  to  safe  guard  the 
laser  against  back  reflections.  The  probe  signal  was  a  cw  1550  nm  distributed-feedback 
(DFB)  laser.  The  laser  was  gain  switched  to  produce  70-90  ps  pulses  with  a  repetition  rate 
of  100  Mhz.  To  gain  switch  the  DFB  laser,  a  fraction  of  the  pump  signal  was  tapped-off 
and  directed  unto  a  20  Ghz  detector.  The  detected  signal  was  amplifier,  by  the  RF  power 
amplifier,  and  the  amplified  signal  used  to  gain  switch  the  DFB  laser. 

The  pump  and  probe  pulses  were  coupled  into  the  CdSSe-doped  fiber  via  a  2x1 
1330/1550  nm  wavelength  division  multiplier  (WDM  1).  The  output  of  the  WDM  1  was 
butt-coupled  to  one  end  of  the  CdSSe-doped  fiber.  The  length  of  fiber  used  was  100  cm. 
Another  1330/1550  nm  wavelength-division  demultiplexer,  WDM  2,  was  butt-coupled  to 
the  other  end  of  the  fiber.  Finally,  the  output  of  the  WDM  2  was  connected  to  the 
spectrum  analyzer. 

Figure  2  shows  a  gain-switched  1550  nm  pulse  through  the  fiber  in  the  presence 
of  a  pump  pulse.  A  pump  induced  wavelength  shift  of  between  0.1-  0.3  nm  was 
measured. 


1529.5  1530.5  1531.5  1532.5  1533.5  1534.5 

Wavetength  (ntn) 


Fig.  2  Gain  switch  1550  nm  probe  signal  through  CdSSe-doped  fiber. 
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This  was  lower  than  the  theoretically  calculated  wavelength  shift  of  1  nm  according  to  the 
following  formula; 

_  __2Xprobe^^p 

^^probe  -  .  A  ^  T 

^^pump^eff  ^0 

Here,  ?^,robe,  and  Xpump,  are  the  probe  and  pump  wavelengths  respectively.  The  non-linear 
refractive  index  of  the  CdSSe-doped  fiber  is  na,  Pp-  is  the  peak  pump  power^  U-  is  the 
walk-off  length  between  the  pump  and  probe,  To-  is  the  pulse-width  which  was  taken  as  2 
ps,  Aos^  is  the  effective  area  of  the  fiber,  and  c  is  the  speed  of  light. 

The  failure  to  measure  an  appreciable  pump  induced  wavelength  shift  of  the  probe 

was  attributed  to: 

n  Wide  Dulse-width  of  pump  and  probe. 

The  pulse-width  of  the  pump  and  the  probe  pulses  used  in  the  theoretical 
calculation  was  2  ps.  but  the  pulse-width  of  the  pump  and  probe  were 
between  70-90  ps.  We  attempted  to  compress  the  70  ps  pulses  down  to  2 
ps,  but  was  unsuccessful. 

21  Pump  absorption  by  the  CdSSe-doped  fiber. 

Because  of  the  relatively  high  loss  of  the  CdSSe-doped  fiber,  0.14  dB/cm, 
pump  absorption  in  the  100  cm  long  fiber  was  significant.  This  meant  that 
the  pump-induced  phase  shift  of  the  probe  signal  would  be  significantly 
lower.  Since  the  wavelength  shift  is  defined  to  be  the  time  derivative  of  the 
phase  shift,  the  low  phase  shift  translated  into  a  small  wavelength  shift  for 
the  probe. 
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Jitter  of  Pump  Signal. 

The  pump  pulses  were  found  to  fluctuate  or  jitter.  This  caused  a  large 
walk-off  between  the  pump  and  probe  thereby  reducing  the  interaction  time 
of  the  pump  and  probe  signals  in  the  CdSSe-doped  fiber. 

C.  All-optical  switching  In  A  CdSSe-doped  Glass/ZnSe  composite  Structure. 

To  alleviate  the  problems  indicated  above  we  redesigned  the  switch  configuration. 
The  main  features  of  the  new  design  included:  1)  the  use  of  a  stable  cw  Argon  laser  as  the 
pump.  Pump  pulses  were  generated  from  the  cw  laser  by  mechanically  chopping  the 
output  signal,  2)  the  operation  of  the  all-optical  switching  structure  did  not  require  short 
pulses,  and  3)  an  active  medium  consisting  of  a  composite  of  CdSSe-doped  glass  and 
amorphous  ZnSe.  The  thickness  of  the  CdSSe-doped  glass  was  3-mm  and  of  the  ZnSe 
was  2  mm.  Thus  the  total  length  of  the  switch  was  only  5  mm. 


Fig.  3  ZnSe/CdSSe-doped  glass  composite  used  as  active  medium  for  all-optical 
switching. 

The  2  mm  ZnSe  sample  was  polished  on  opposite  surfaces.  The  CdSSe-doped  glass  was 
purchased  from  Schott  glass  as  a  3  mm  RG  630  sample  with  its  surfaces  already  polished. 
The  fractional  composition  of  the  CdSSe  in  the  RG  630  is  about  1%.  Also  the  molar 
fraction  of  the  selenium  in  the  tertiary  CdSx  Sei-x  is  x  =  0.5.  The  composite  was  formed  by 
gluing  the  ZnSe  and  the  CdSSe-doped  glass  tightly  together  along  the  contact  edges.  The 
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ZnSe  outer  surface  was  designated  as  the  input,  and  the  outer  surface  of  the  CdSSe-doped 
glass  was  designated  as  the  output  of  the  device.  The  refractive  indices  of  the  CdSSe- 
doped  glass  and  the  ZnSe  were  1.55  and  2.2  respectively.  Thus  the  composite  structure 
acted  as  a  non-linear  grating  element. 

An  all-optical  switching  configuration  using  the  non-linear  grating  element  is 
shown  in  figure  4.  The  pump  is  a  500  nm  cw  argon  laser.  A  mechanical  chopper  was 


Figure  4.  All-optical  switching  in  CdSSe-doped  glass/  amorphous  ZnSe  composite. 
The  pump  is  a  chopped  500  nm  Argon  Laser.  A  white  light  source  was  used  to 
demonstrate  the  versatility  of  the  switch  to  operate  at  a  wide  range  of  fi*equencies. 

introduced  in  the  path  of  the  pump  beam  to  generate  pump  pulses.  The  pulse  rate  was 
IKhz.  The  pump  pulses  were  couple  unto  a  multi-mode  optical  fiber.  A  white  light 
source  was  used  as  the  probe.  The  purpose  of  using  white  light  was  to  demonstrate  the 
capability  of  the  switch  to  operate  at  different  wavelengths  and  also  to  show  that  the 
switch  is  polarization  insensitive.  The  white  light  was  also  coupled  unto  another 
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multimode  fiber.  The  other  ends  of  the  coupling  fibers  for  the  pump  and  probe  were  butt- 
coupled  to  a  GRIN  lens.  The  nonlinear  element  was  placed  behind  the  GRIN  lens,  with  the 
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Fig.  5a.  Transmittance  of  white  light  (probe)  through  nonlinear  element  with  the 
pump  off. 
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Fig.  5b.  Transmittance  of  white  light  (probe)  through  nonlinear  element  with  the 
pump  ON. 
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ZnSe  face,  closer  to  the  lens.  The  output  was  coupled  into  a  multi-mode  fiber,  and  the 
other  end  of  the  output  fiber  connected  to  an  optical  spectrum  analyzer. 

Figure  5  a,  shows  the  transmittivity  of  the  white  light  source  through  the  non-linear 
device  as  measured  by  the  experimental  set-up  of  figure  4,  with  the  pump  signal  tumed- 
off.  Figure  5b  depicts  the  transmittance  of  the  white-light  source  through  the  non-linear 
devices  in  the  presence  of  the  pump  signal.  The  most  striking  feature  of  figures  5a  and  5b 
is  the  periodicity  of  the  transmittance  of  the  white  light  through  the  CdSSe-doped 
glass/ZnSe  nolinearity  element  with  and  without  the  pump.  Furthermore,  we  notice  that 
the  peaks  in  figure  5a  and  5b  are  inverted  relative  to  each  other.  For  example  in  figure  5a, 
a  high  peak  is  observed  at  1680  nm,  but  in  figure  5b  a  low  peak,  or  valley,  is  observed  at 
the  1680  nm.  As  a  second  example  in  figure  5a,  a  valley  is  shown  at  1  lOOnm,  but  in  figure 
5b  a  peak  is  observed  at  llOOnm.  Thus  the  effect  of  the  pump  corresponds  to  a  complete 
switching  of  the  probe  signals  through  the  nonlinear  devices. 


V  i . ; . . i . J . t . _ 4..  .^ . J . i . 

K2km  1.45xm 


Fig.  6.  Subtraction  of  figure  5a  fi-om  fig  5b. 

Figure  6  is  the  result  obtained  by  subtracting  figure  5a  fi-om  figure  5b  using  the 
difference  function  of  the  spectrum  analyzer.  The  figure  shows  a  distinctive  period 
function.  The  peak-to-peak  amplitude  remains  constant  for  all  wavelengths.  The 
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difference  between  adjacent  maximum-to-minimum  peaks  corresponds  to  the  wavelength 
shift  produced  by  the  pump.  For  instance  the  pump  induced  wavelength  shift  is  50  nm  at 
1300  nm.  The  pump  power  used  was  500  mW. 

The  figure  also  indicates  preferred  wavelengths  for  which  the  device  can  operate. 
These  wavelengths  depend  both  on  pump  power  and  the  geometry  of  the  devices.  The 
switch  can  therefore  be  designed  to  operated  optimally  at  any  given  wavelength,  within  the 
transmittance  spectra  of  the  nonlinear  ZnSe/CdSSe-doped  glass  composite  structure. 

A  practical  implementation  of  the  switch  will  have  to  include  a  wavelength  filter' 
element,  such  as  a  fiber  grating ,  at  the  output.  If  such  a  filter  is  designed  to  have  high 
transmittance  at  the  signal  wavelength,  and  the  ZnSe/CdSSe-doped  glass  element  is  also 
designed  for  optimal  operation  at  the  same  signal  wavelength,  then  maximum 
transmittance  will  be  obtained  for  the  probe  signals.  This  then  will  correspond  to  the  “ON” 
state  of  the  switch.  If  a  pump  is  applied,  such  that  there  is  a  shift  in  the  probe  wavelength 
greater  than  the  bandwidth  of  the  filter,  then  the  resulting  shift  in  wavelength  of  the  probe 
causes  the  probe  signal  to  be  reflected  by  the  grating.  This  corresponds  to  the  “OFF-state” 
of  the  switch.  Thus  the  switch  characteristics  will  depend  largely  on  the  design  of  the 
grating. 


C.  A  Three-Terminal  Optical  Gate 

In  the  course  of  doing  this  work  we  discovered  a  three-terminal  optical  gate  that 
exhibited  transfer  characteristics  similarly  to  the  current-voltage  characteristics  of  an 
electronic  transistor.  Such  a  three  terminal  gate  can  be  the  basic  building  block  for 
designing  all-optical  logic  gates. 

2x2x2  mm 
ZnSe  cube 


input  gate 


output  gate 


control  gate 

Figure  7.  A  three-terminal  all-optical  gate 
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The  three-terminal  optical  gate  is  a  2  x2x2  mm  ZnSe  cube  with  all  six  surfaces  polished. 
Two  opposite  surfaces  were  designated  input  and  output  gates.  The  side  of  the  ZnSe 
adjacent  to  both  the  input  and  output  faces  was  designated  as  the  control  gate  as  shown  in 

figure  7. 


HeNe  Laser 


Fig.  8  Experimental  setup  for  measuring  the  transfer  characteristics  of  the  optical  gate. 

The  experimental  setup  for  measuring  the  transfer  characteristics  of  the  optical 
gate  is  shown  in  figure  8.  A  cw  HeNe  laser  was  used  as  the  probe  signals,  and  a  cw  500 
nm  Argon  laser  was  used  as  the  control  signal.  Neutral  density  filters  were  inserted  in  the 
probe  and  control  signals  to  control  the  respective  optical  power  reaching  the  gate.  The 
output  of  the  gate  was  detected  by  a  power  meter  which  in  turn  was  connected  to  an 
oscilloscope.  The  detector  output  voltage,  displayed  on  the  oscilloscope,  was  measured  as 
a  function  of  the  control  power  from  the  Argon  laser,  with  the  input  power  from  the  HeNe 
as  parameter. 

A  sketch  of  the  output  transfer  characteristics  of  the  optical  gate  is  depicted  in 
figure  9.  The  three  curves  represent  input  power  of  1 .7  mW  (bottom  curve),  4.3  mW 
(middle  curve),  and  5.8  mW  (upper  curve).  The  pump  intensity  was  varied  from  0-65  W 
cm’^.  As  depicted  in  figure  9,  the  transfer  characteristics  of  the  optical  gate  has  features 
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similar  to  an  electronic  transistor.  That  is,  the  characteristics  of  the  gate  has  a  linear 
region,  a  knee  region,  and  a  saturation  region. 

Considering  the  low  pump  intensities,  the  simplicity  of  the  gate  and  the  well 
behaved  transfer  characteristics,  we  believe  that  this  device  can  form  the  building  block  for 
all-optical  logic  gates,  needed  for  all-optical  computing. 


o  =>  Probe  Power  5.8  mW 

*  =>  Probe  Power  4.3  mW 

+  =>  Probe  Power  1.7  mW 

Fig.  9  Transfer  characteristics  of  an  all-  optical  gate. 

In  conclusion,  we  have  fabricated  an  all-optical  switch  that  operates  on  the 
phenomena  of  pump-induced  wavelength  shift  of  a  probe  signal.  The  enabling  technology 
was  the  design  of  a  ZnSe/CdSSe-doped  glass  composite  nonlinear  element.  This  devices 
could  be  used  in  implementing  all-optical  switching  required  in  communication.  We  also 
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designed  and  characterized  a  three-terminal  all  optical  gate  that  exhibited  (electronic) 
transistor-like  transfer  characteristics.  The  gate  could  be  an  important  device^  as  the 
building  block  for  implementing  all-optical  logic  gates. 
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